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Abstract 

This study investigated Cu monometallic and PdCu bimetallic electrodes prepared 

on Ni foam with varying plating times for the reduction of nitrate. SEM images 

revealed the morphology evolution, with Cu/Ni electrodes exhibiting agglomerated 

granules transforming into rhombus structures as plating time increased. Increasing 

plating time led to a higher Cu proportion, an increased Cu(200)/Cu(111) ratio, and larger 

crystallite sizes for Cu(111) and Cu(200). PdCu/Ni showed a grape-cluster-like surface 

with accumulated palladium particles on the surface of copper. Electrochemical 

impedance spectroscopy indicated the improved electron transfer for the Cu/Ni electrodes 

and the additional plating of Pd showed an even better electron transfer. The double-layer 

capacitance (Cdl) revealed that the surface area activity increased with extended plating 

time for Cu from 2.6 to 5.5mF/cm2. Nitrate reduction experiments on Cu monometallic 

electrode demonstrated high removal efficiency and achieving 100% nitrate removal at 

210 minutes, with NH4
+  as the main product. Bimetallic electrode; PdCu10min/Ni 

exhibited enhanced activity than Cu monometallic electrode. Under constant potential, 

NO3
−

  was fully converted to NH4
+  without N2  generation in acidic condition. PdCu 

bimetallic electrode showed consistent performance over multiple cycles but no N2 was 

generated. Electrochlorination with the addition of Cl
−

 enhanced nitrogen gas evolution 

and resulted in a low ammonia residual.  
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Chapter 1 Introduction 

1.1. Background 

Nitric acid is an important industrial chemical that is used in the production of a wide 

range of products, such as fertilizers, explosives, and dyes (Speight., 2017). However, 

discharge of wastewater containing nitric acid can cause negative environmental impacts, 

mainly due to the presence of nitrate and its reduction product nitrite. Human activities, 

including the application of fertilizers, the release of industrial and domestic effluents, 

and emissions from combustion engines, have the potential to contribute to the excessive 

release of nitrate and nitrite into the environment. These can cause adverse health effects 

in humans and the environment (Fewtrell et al., 2004; Hornung et al., 1999; Njock et al, 

2023). Hence, Taiwan Environmental Protection Administration (Taiwan EPA) have 

limited 10 mg N/L NO3
−

 and 0.1 mg N/L NO2
−

 for drinking water quality standards in 

Taiwan (Taiwan EPA, 2022). 

Considering the potential health and environmental risks associated with excessive 

levels of nitrate and nitrite, electrochemical reduction using an effective metallic or 

bimetallic electrode reveals a promising approach to remove nitrate and nitrite (Min et al., 

2021). However, there is limited research exploring the effect of crystal morphology of 
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the electrode on the selectivity of reduction end products between N2 and NH3 under 

acidic conditions, which could be encountered in industrial effluents containing nitric acid. 

This study aims to fill the knowledge gap by investigating the nitrate reduction using 

copper (Cu) and palladium - copper (PdCu) electrodes. 

 

1.2. Research objective 

The objectives of this study are: 

1. To investigate the nitrate reduction performance by different Cu electrodes with 

different Cu(200)/Cu(111) facet ratios under acidic conditions. 

2. To evaluate the performance of PdCu bimetallic electrode for nitrate reduction. 

3. To study reusability of electrode. 

4. To study the influence of Cl
−

  on the nitrogen gas evolution during of nitrate 

reduction. 

  



doi:10.6342/NTU202303029

 

3 

 

Chapter 2 Literature review 

2.1. The presence of nitrate and nitrite in the environments 

Nitric acid (HNO3) has been used as a versatile chemical with various applications 

for centuries. The notable property of nitric acid is its capability to effectively eliminate 

undesired surface deposits from a wide range of materials, including metals, glass, and 

ceramics. (SSINA, 2022). Additionally, it is used to make the production of explosives, 

such as nitrobenzene derivatives, dinitrotoluene derivatives, and TNT derivatives 

(Speight, J. G., 2017). Nitric acid is also commonly utilized for etching various metals, 

purifying gold and silver, and manufacturing of fertilizers and synthetic dyes (Hocking, 

M. B., 2005). 

Even though nitric acid is a useful chemical in various industries, its use can also 

result in environmental impacts, particularly when it is used in large quantities or in ways 

that lead to its release into the environment (Manisalidis et al., 2020). Furthermore, when 

nitric acid is released into water, it can form nitrates with other chemicals and compounds. 

Nitrate is frequently found as a pollutant in both surface and groundwater and can 

contribute to eutrophication and harm aquatic ecosystems. In addition to the direct release 

of nitric acid into waterways, nitrates can also form from the breakdown of other nitrogen-

containing compounds, such as fertilizers and animal waste (Moloantoa et al., 2022). 
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2.2. Traditional nitrate, nitrite treatments 

Nitrate and nitrite can undergo treatment through a range of technologies, including 

reverse osmosis, ion exchange, and biological denitrification. Reverse osmosis is more 

appropriate for smaller-scale treatments (Shelly et al., 2021), whereas ion exchange is 

frequently used for large-scale ones (Kurt et al., 2012). However, both processes generate 

waste streams containing concentrated nitrate and nitrite that require additional treatment 

prior to disposal. Biological denitrification process, which uses microorganisms to 

convert nitrate and nitrite into nitrogen gas, has much potential. However, it is susceptible 

to pH fluctuations and the presence of additional salts (Zhang et al., 2023). 

 

2.3. Electrochemical Nitrate Reduction 

Electrochemical nitrate reduction to NH3  or N2  has gained significant research 

attention due to its various benefits. Firstly, it can offer a highly efficient method to reduce 

nitrate levels in water to meet regulatory requirements. Secondly, unlike conventional 

treatment methods, electrochemical nitrate reduction can minimize the use of additional 

chemicals and formation of byproducts, resulting in a more cost effective and 

environmentally friendly approach. Finally, the compatibility of electrochemical nitrate 

reduction with existing water treatment infrastructure makes it a promising solution for 
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treating nitrate contaminated water. The production of nitrogen gas by electrochemical 

nitrate reduction is harmless. In some cases, the ammonia converted from nitrate can be 

used for fertilizer production or energy transportation (Giddey et al., 2017). 

To achieve efficient nitrate removal, electrode property plays an important role. 

Numerous metals have been investigated for electrochemical nitrate reduction, including 

transition metals such as Fe, Cu, Sn, Ni and noble metals such as Pd, Pt, Ru (Teng et al., 

2022). For transition metals, Cu has exhibited the greatest nitrate reduction to nitrite 

performance among those transition metals, which is the rate-limiting step of the entire 

pathway from NO3
−

 to N2 and NH3. While, for noble metals, they can combine atomic 

hydrogen (H ∙ ) as a strong reducing agent for NO3
−

  reduction (Duca et al., 2012). 

However, single noble metal, such as, Pd, Pt does not efficiently convert NO3
−

 to NO2
−

. 

Even though single noble metal possesses a low removal rate of nitrate, they can maintain 

the stability of the electrocatalyst by combining a secondary transition metal such as Cu, 

Sn, and In, which is defined as the bimetallic catalyst.  

Bimetallic catalyst has been demonstrated to be a more efficient catalyst for nitrate 

reduction than monometallic catalyst because bimetallic catalyst is H-affinity metal 

which can form high binding energy of Hads and significantly enhance the indirect NO3
−

 

reduction through hydrogenation (Wang et al., 2021). 
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For example, Wu et al. reported that by plating different amounts of Pd nanocluster to 

Sn on a Ni form to form PdxSn100-x/Ni electrodes, a high selective N2 (79%) formation 

can be achieved at Pd5Sn95/Ni. On the other hand, the monometallic catalyst Sn on the 

Ni form only achieved a low selectivity of N2 (52%) (Wu et al., 2022). Cerrón-Calle et 

al. researched the selective nitrate reduction using Cu-Pt foam and reported that the 

bimetallic catalyst Cu-Pt160s presented 94% nitrate conversion compared to 55% nitrate 

conversion obtained using monometallic Cu catalyst in 120 min (Cerrón-Calle et al., 

2022). Li et al. reported that Cu80Pb20, Cu80Pd20, and Cu80Ni20 bimetallic electrodes 

achieved high nitrogen gas selectivity compared to Cu monometallic electrode (Li et al., 

2018).  

The formation of NH3  or N2  as the final products of NO3
–
  reduction could also 

depend on the crystal facet (Shin et al., 2020, Wu et al., 2022), applying potential (Shen 

et al., 2020), pH value (Zhang et al., 2018), the ratio between H-affinity metal and O-

affinity metal (Favarini et al., 2020), and the supporting matrix (Li, J et al., 2021). For 

instance, Su et al. (2020) prepared Sn electrodes using different metal deposition 

sequences, electrical charges, and metal compositions and found that a higher yield of 

N2 could be achieved for Sn (420) compared to other crystal facets ((214), (131), (420)) 

of Sn due to its optimal arrangement of active sites for bond breaking after nitrate 
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adsorption (Su et al., 2020). Shin et al. (2020) prepared Cu electrodes with different 

Cu(200)/Cu(111) crystal facet ratios by using surfactants, such as 

cetyltrimethylammonium chloride (CTAB), polydiallyldimethylammonium chloride 

(PDDA), and benzethonium chloride (BZT) and different electrodeposition times and 

they found that a higher area ratio of Cu (111) enhanced the formation of N2 at pH 8.5.  

 

2.4. Mechanism of Nitrate reduction on Metallic catalyst  

 Understanding the mechanism of electrochemical nitrate reduction is crucial. Multiple 

electrons and protons are transferred during this procedure. Below reactions are 

commonly exhibited for the production of N2  and NH3  from the electrochemical 

reduction of NO3
− (Cao et al., 2023). 

2NO3
− + 12H+ + 10e− → N2 + 6H2O, E0 = 1.17V vs SHE (1)

NO3
− + 9H+ + 8e+ → NH3 + 3H2O, E0 = −0.12V vs SHE  (2)
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As shown in Figure 1, several byproducts could be generated including nitrite NO2
−

 , 

hydroxylamine NH2OH, and nitrous oxide N2O (Garcia-Segura et al., 2018). However, 

these byproducts are thermodynamically unstable and easily convert to N2  and NH3 

(Ai et al., 2022).  

 

Figure 1. Reaction pathway of nitrate reduction. 

It is clear that nitrate can be adsorbed on the electrodes (Duca et al., 2012). 

Simultaneously, H2O  can be reduced on the electrode surface to form adsorbed 

hydrogen (Hads). For adsorbed nitrate, it can react with Hads to form NO2
−

ads
 as shown 

below (Lu et al., 2021):  

H2O + e− → Hads + OH−  

NO3
−

ads
+ 2Hads → NO2

−
ads

+ H2O  

Then NO2
−

ads
  is rapidly react with Hads  to form NOads , then Nads . Two Nads  can 

combine to form N2  or Nads  can react with three Hads  to form NH3  (Duca et al., 

NO3
− ⇌ NO3

−
ads

→ NO2
−

ads
→ NOads 

N2 

NH3 

NO2
−

 

⇌
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2012; Shin et al., 2021). These reactions are shown below:  

NO2
−

ads
+ Hads → NOads

− + OH−  

NOads
− + 2Hads → Nads + H2O  

2Nads → N2  

Nads + 3Hads → NH3  

 

 Therefore, the presence of Hads can enhance the NO3
−

 conversion (Wu et al., 2022). 

However, Shin et al. reported that NH3 was the primary product because the creation of 

N-H bonds by Hads was more active than the formation of N-N bonds. (Shin et al., 2014). 

To mitigate the formation of N-H for higher nitrogen gas selectivity, the use of H-affinity 

metal, such as Pt and Pd as the electrode material could be important (Ebbesen et al., 

2010). 
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Chapter 3 Material and methods 

3.1 Research framework 

The research framework of this study is shown in Figure 2. Cu electrodes with 

different electrodeposition times and Pd/Cu bimetallic electrodes were prepared. Nitrate 

reduction experiments were conducted using these electrodes and the end products were 

analyzed to evaluate their performance.  

 

 

 

 

 

 

 

 

Figure 2. Research framework.   
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Cu90min/Ni, PdCu10min/Ni 
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3.2 Materials and chemicals 

All electrochemical experiment was conducted using an electrochemical station under 

the potentiostatic and galvanostatic modes (Autolab PGSTAT204) with the NOVA 2.1 

software (Metrohm, Netherlands). All electrodes were prepared by depositing the desired 

metals on nickel foam (Innovation Materials Co., Ltd, Taiwan) and used as the cathode 

in the electrochemical cell. Saturated calomel electrode (SCE) and platinum electrode 

were used as the reference electrode and the counter electrode, respectively. 

Deionized water was obtained from PURELAB classic system (ELGA, UK). Reagent-

grade chemicals were used in this study. Potassium nitrate (KNO3, 99%) and sodium 

sulfate (Na2SO4 , 99%) were purchased from Freak (Germany) and Nacalai tesque 

(Japan) respectively. Copper chloride (CuCl2 , 99%) was purchased from Alfa Aesar 

(USA). Palladium chloride(PdCl2 , 99%) was purchased from Sigma-Aldrich (USA). 

Hydrochloric acid (HCl, 37%), sulfuric acid (H2SO4, 95-97%), and acetone (99.5%) were 

purchased Honeywell-Fluka (USA). Phosphoric acid (H3PO4, 85-87%) and hypochlorite 

solution (NaClO, 5%) were purchased from J.T. Baker (USA). 
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3.3 Electrode preparation 

Nickel foam was cut into 3cm × 4cm coupons and used as the plating material for 

the electrodes. The nickel coupons were degreased in acetone under ultrasonic condition 

for 30 min, and soaked in 1M H2SO4 for 10 min to remove surface native oxides, and 

then washed with the deionized water for 10 min under ultrasonic condition. The cleaned 

nickel coupons were dried in the oven at 50℃ for 12 hr before use. 

The plating bath consisted of 0.05M CuCl2 and the solution pH was adjusted to 2 

using H3PO4. The Ni coupon and platinum electrode were set up as the cathode and 

anode, respectively under the galvanostatic mode (Figure 3). Cu was electrodeposited on 

the Ni foam using a constant current of 30 mA/cm2 with an electrodeposition time of 

10, 30, 60, and 90 min and the obtained Cu electrode were named as Cu10min/Ni, 

Cu30min/Ni, Cu60min/Ni, and Cu90min/Ni, respectively (Figure 4(a)-4(d)). 
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Figure 3. Schematic and picture of the galvanostat in two electrode setup. 

 

To prepare the PdCu bimetallic electrode, the Cu10min/Ni electrode was immersed 

in 0.01M PdCl2 with 0.25M HCl and applied a constant current density of 20mA/cm2 
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for 10 min under the two-electrode setup. Subsequently, the electrode was rinsed with 

acetone, washed with deionized water for several times, and then dried in oven 50℃ for 

12 h. 

Figure 4. The picture of plated electrodes (a) Cu 10min/Ni (b) Cu30min/Ni (c) 

Cu60min/Ni (d) Cu90min/Ni (e) PdCu10min/Ni. 

(a) (b) (c) 

(d) (e) 



doi:10.6342/NTU202303029

 

15 

 

3.4 Electrochemical nitrate reduction experiments 

Electrochemical nitrate reduction experiments were carried out in an electrochemical 

cell under constant current mode (Figure. 3). The prepared Cu/Ni and PdCu/Ni electrodes 

were used as the cathode and a platinum electrode was used as the anode. Additional 

experiments under the constant potential mode was also carried out using the Cu10min/Ni 

as the cathode and the platinum electrode as the anode with the saturated calomel 

electrode (SCE) as the reference electrode (Fig 5). The distance between cathode and 

anode was 2 cm. Under the constant current mode, the solution containing 80 mg N/L 

NO3
−

 with 0.05 M Na2SO4 as the background electrolyte was used and the solution pH 

was adjusted to 2 by H3PO4. Under the constant potential mode, the solution containing 

20 mg N/L NO3
−

  with 0.05M Na2SO4  as the background electrolyte was used. To 

explore the influences of chloride in nitrate removal, the electrochlorination experiments 

under −2VREF constant potential were conducted. 

 

3.5 Analytical methods 

Scanning electron microscope energy dispersive spectrometer (SEM-EDS; JEOL JSM-

7600F, Japan) was utilized to investigate the surface morphology and the elemental 
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composition of the electrodes. X-Ray diffraction analysis (XRD; Rigaku, Japan) was used 

to explore the crystallographic structure and the crystallite size of deposited metals. It was 

operated at a scan rate of 0.33° s−1  in the incidence angle range of 20 to 80 θ . 

Additionally, to analyze the area facet ratio of Cu(200)/Cu(111), Origin pro 2023 software 

(OriginLab, USA) was used to analyze XRD data. 

The concentration of NO3
−

, NO2
−

 were analyzed by ion chromatography (IC, Eco IC, 

Metrohm) after the sample was diluted and filtered by a 0.22 μm  pore size 

polyvinylidene fluoride (PVDF) filter. NH3  was measured by the phenate method 

(Standard Method 4500-NH3 F). Free chlorine was measured by the DPD colorimetric 

method (Standard Method 4500-Cl G). The pH value was obtained by using a pH meter 

(SUNTEX pH meter, sp2100).  

In this study, total nitrogen species shown in equation (3) was considered under acidic 

conditions and the generation of N2 was calculated by mass balance shown in equation 

(4), in which at t=0, the total nitrogen was equal to C0(NO3
−

). 

Ct(TN) = Ct(NO3
- ) + Ct(NO2

- ) + Ct(NH4
+)                                  (3)

Ct(N2) = C0(NO3
- ) − [Ct(NO3

- ) + Ct(NO2
- ) + Ct(NH4

+) + Ct(Combined Chlorine)]     (4) 
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To evaluate nitrate reduction rate, k, it was calculated by assuming the pseudo-first order. 

−
dCNO3

−

dt
= kCNO3

−  (5)

Where CNO3
−  is the NO3

−
  concentration (unit of mg N/L ), t is reaction time (unit of 

min). 



doi:10.6342/NTU202303029

 

18 

 

 

Figure 5. Schematic and picture of the potentiostatic in three electrode setup. 
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Chapter 4 Results and Discussion 

4.1 Characterization of electrodes 

Figure 6 shows the SEM images of copper electrodes prepared by different plating 

times from 10 min to 90 min. Ni foam was shown as the skeletons with interconnecting 

pores. The plated copper particles tended to agglomerate and exhibited a granule shape. 

The size of Cu granules increased and led to the generation of a rhombus structure with 

the increasing plating time.  

The SEM image and elemental distribution for PdCu10min/Ni are shown in Figure 7. 

After the two-step plating process, the surface of the PdCu10min/Ni electrode exhibited 

a grape-cluster-like shape with pores. The palladium particles were found to accumulate 

on the surface of copper.  

To investigate the elemental compositions of the prepared electrodes, the atomic ratio 

of different elements obtained by the EDS are shown in Figure 8. It was found that the 

proportion of Cu increased with the increasing plating time. Furthermore, Ni was not 

detected for Cu60min/Ni and Cu90min/Ni, indicating that Cu particles had completely 

covered the nickel foam surfaces for these two electrodes.  
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Figure 6. SEM images of (a) Cu10min/Ni (b) Cu30min/Ni (c) Cu60min/Ni (d) 

Cu90min/Ni. 

 

Figure 7. (a) SEM image of PdCu10min/Ni (x1000), and the elemental distributions of 

(b) copper, (c) oxygen and (d) palladium, respectively. 

(a) (b) 

(c) (d) 

(b) (d) (C) 

(a) 
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Figure 8. The atomic ratios of different elements in the electrodes determined using the 

EDS. 

 

The XRD patterns of the prepared electrodes are shown in Figure 9. The diffraction 

peaks of Cu, Pd and Ni metals could be clearly seen. Specifically for Cu, the facets of 

Cu(111) and Cu(200) could be distinguished by the two peaks at 2θ = 43.5° and  50.7°, 

respectively. It is clear that the intensities of Cu(111) and Cu(200) increased with the 
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increasing plating time. The intensity of Pd at 2θ = 40.1° indicated the facet of Pd(111) 

formed on the PdCu10min/Ni electrode.  

Figure 9. XRD patterns of the prepared electrodes. 

 

Figure 10 (a) shows the ratio of Cu(200)/Cu(111) by different plating times. The ratio 

gradually increased with the increasing plating time and reached 0.5 at 90 min plating 

time. It has been reported that copper ion was dominantly deposited on the top of the 

vertically covered supporting matrix due to a shorter diffusion distance (Lee et al., 2016). 

This could lead to a greater tendency for copper ion to adsorb on the top of Cu (111) 

followed by reduction to Cu (200) leading to a higher Cu (200)/Cu (111) ratio when the 
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plating time increases. 

Figure 10 (b) shows the crystallite size of the particles plated on the electrodes 

determined according to the Scherer equation (Equation (6)).  

𝐷 =
𝑘𝜆

𝛽𝑐𝑜𝑠𝜃
  (6)

where, D = crystallites size (nm), k = 0.9 (Scherer constant), 𝜆  = 0.15406 nm 

(Wavelength of the x-ray sources), 𝛽 = Full Width at Half Maximum, FWHM (radians), 

and 𝜃 = Peak position (radians). 
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Figure 10. XRD analysis of (a) area ratio of Cu(200)/Cu(111) (b) crystal size. 

 

 

The crystallite sizes of Cu(111) and Cu(200) increased with the increasing plating 

time and reached the maximum sizes of 41.2 nm and 36.6 nm, respectively when the 

plating time was 60 min. Increasing plating time can initiate the aggregation of granules, 
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which increases the particle size of the Cu crystals. 

Electrochemical Impedance Spectroscopy (EIS) was used to investigate the 

electrochemical properties of the electrodes. The obtained Nyquist plots are presented in 

Figure 11. In this study, the equivalent circuit based on the Randles-like model was 

considered (Sun et al., 2002). The determined charge transfer resistances, Rct(Ω), are 

summarized in Table 1. The Rct(Ω)  decreased with the increasing plating time for 

monometallic Cu electrodes, with the minimum of 76.7 Ω for the Cu90min/Ni electrode. 

For PdCu 10min/Ni bimetallic electrode, an even smaller Rct(Ω) was found (26.4 Ω), 

indicating that the presence of Pd significantly improved the electron transfer ability for 

the electrode. 

 



doi:10.6342/NTU202303029

 

26 

 

 

 

Figure 11. The Nyquist curve for different electrodes. The Randles-like model was 

considered. 𝐑𝐬 , 𝐑𝐜𝐭 , 𝐂𝐝𝐥  represents the solution resistance, the charge transfer 

resistance, and the double layer capacitance, respectively. 

Table 1. The results of 𝐑𝐜𝐭 (Ω) for different electrodes 

 Rct (Ω) 

Cu10min/Ni 429.0 

Cu30min/Ni 354.8 

Cu60min/Ni 154.7 

Cu90min/Ni 76.7 

PdCu10min/Ni 26.4 

 

Rct 

Cdl 

Rs 
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The electrochemical active surface area (ECSA) can be utilized to compare 

electrocatalyst activity by different plating times. The double-layer capacitance, Cdl, and 

the specific capacitance of the electrode material, Cs, can be used to determine ECSA. 

according to equation (7)  

ECSA=
Cdl

Cs
   (7)

However, determining the precise capacitance for precise evaluation of ECSA presents a 

challenge, since its calculation depends on factors such as electrode potential, surface 

structure, and the composition/concentration of the electrolyte. Thereby, a widespread 

consensus for the specific capacitance value is difficult to achieve even using the same 

material (Wei et al., 2019). Since the specific capacitance is frequently unknown, it has 

been common to utilize a single Cs value to determine ECSA for different materials, in 

spite of the composition of the electrodes, which inevitably results in significantly 

underestimation or overestimation of ECSA values (Connor et al., 2020). It has recently 

been suggested that, the net measured current, and the current normalized by geometric 

area and double layer capacitance Cdl  could be used to display the catalytic activity 

instead of ECSA. (Masa et al., 2020). Hence, although Cs is unknown, monitoring Cdl 

allowed for the determination of relative changes in ECSA. 
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The double layer capacitance for different electrodes was determined using the cyclic 

voltammetry (CV) at various scan rates from 10 mV/s  to 120 mV/s  in non-faradic 

region from −0.3V to −0.5V, as shown in Figure 12. Firstly, the peak current density 

(∆j, equation (11) ) was obtained from the CV chart (Figure 12). Subsequently, the 

obtained ∆j was plotted versus the scan rate of CV chart according to Equation (9).  

 

∆j = jp,anodic − jp,cathodic  (8)

Cdl =
∆j

V
  (9)

where, J is the current density, mA/cm2, v is the scan rate, mV/s.  

 

Figure 13 shows the slopes of these plots which indicates the double-layer 

capacitance (Cdl) of the electrodes. The obtained Cdl is shown in Table 2. The smallest 

Cdl  value (2.58 mF/cm2)  was found for Cu10min/Ni. The double layer capacitance 

gradually increased with the plating time and reached 5.53 mF/cm2 for Cu90min/Ni. It 

is clear that by extending plating time for Cu, the double layer capacitance would increase.  
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Figure 12. Cyclic voltammetry of (a) Cu10min/Ni, (b) Cu30min/Ni, (c) Cu60min/Ni, (d) 

Cu90min/Ni in the range of −𝟎. 𝟓 𝐕  to −𝟎. 𝟐 𝐕  in the presence of 0.05M Na2SO4 . 

The scan rate was changed from 𝟏𝟎𝐦 𝐕/𝐬 to 𝟏𝟐𝟎 mV/s. 

 

 

 

(c)  

(b)  (d)  

(a) (b) 

(c) (d) 
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Figure 13. Charging current density versus scan rate. 

 

Table 2. The fitting results of current density versus scan rate. 

 
Cu10min/Ni Cu30min/Ni Cu60min/Ni Cu90min/Ni 

Cdl (mF/cm2) 2.6 3.0 4.3 5.5 
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4.2 Nitrate reduction performance of different electrodes 

4.2.1 Nitrate reduction performance under a constant current density 

Figure 14 shows the nitrate reduction as a function of time using Cu monometallic 

electrodes under a constant current density 20 mA/cm2. The experimental solution had 

an initial [NO3
−] = 80  ppm as N and initial pH=2 with 0.05M Na2SO4  as the inert 

electrolyte. All Cu monometallic electrodes showed excellent nitrate removal ability, in 

which after 240 min almost all NO3
−

 were removed. The pseudo-first order rate constant 

for Cu10min/Ni, Cu30min/Ni, Cu60min/Ni, and Cu90min/Ni were 0.00981, 0.01285, 

0.01523, and 0.02min
−1 , respectively and the coefficient R2 were all higher than 0.98 

(Figure 16 and Table 3). This observation was consistent the charge transfer resistance 

Rct (Ω)  results presented in Table 1 and the double-layer capacitance (Cdl ) results 

presented in Table 2, i.e., the electrode with a longer Cu plating time would have a lower 

Rct (Ω) and a higher Cdl to facilitate the rate of electron transfer for the reduction of 

nitrate. The main product for nitrate reduction was NH4
+. NO2

−
 was not detected in all 

experiments. It is likely that NO2
−

, if formed as an intermediate, is very reactive on the 

Cu metal surface and rapidly convert to NH4
+ (Dima et al., 2003; Iwamoto, 2017). Even 

though all Cu monometallic electrodes exhibited good performance for nitrate reduction, 
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no N2 was generated under the acidic conditions. 

 

Figure 14. The concentration of NO𝟑
−, NO𝟐

−, and NH𝟒
+ as a function of time in nitrate 

reduction experiments using (a) Cu10min, (b) Cu30min, (c) Cu60min, and (d) Cu90min 

(constant current density 𝟐𝟎𝐦𝐀/𝐜𝐦𝟐, 𝟎. 𝟎𝟓𝐌 𝐍𝐚𝟐𝐒𝐎𝟒, initial NO𝟑
−  𝟖𝟎 𝐦𝐠 𝐍/𝐋, pH 

= 2). 

  

(a) (b) 

(c) 
(d) 
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Figure 15 shows the nitrate reduction as a function of time using PdCu10min/Ni 

bimetallic electrode under a constant current 20 mA/cm2 . The pseudo-first order rate 

constant for nitrate reduction was 0.02434min
−1

 , which was higher than the rate 

constants of all Cu monometallic electrodes (Figure 16 and Table 3). This result is 

consistent with its lower Rct (Ω)  and higher Cdl  when compared to those of Cu 

monometallic electrodes (Table 1 and Table 2). This could be attributed to the fact that 

palladium metal has a high ability to absorb hydrogen ions which can accelerate the 

indirect nitrate reduction (Duncan et al., 2008, Sun et al., 2012). Again, NH4
+ was the 

dominant product and no N2 was generated under the acidic condition when the PdCu 

bimetallic electrode was used. 
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Figure 15. The concentration of NO𝟑
−, NO𝟐

−, and NH𝟒
+ as a function of time in nitrate 

reduction experiments using CuPd 10min/Ni (constant current density 𝟐𝟎 mA/cm2 , 

𝟎. 𝟎𝟓𝐌 Na2SO4, initial NO𝟑
− ~ 𝟕𝟎 mg N/L, pH = 2). 
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Figure 16. Fitting results of the pseudo-first-order kinetic model. 

 

 

Table 3. Fitting results of the pseudo-first-order kinetic model for different cathodes. 

 
Cu10min/Ni Cu30min/Ni Cu60min/Ni Cu90min/Ni PdCu10min/Ni 

𝑘,  min−1 0.00981 0.01285 0.01523 0.02 0.02434 

R-square 0.996 0.988 0.993 0.986 0.991 

 

  



doi:10.6342/NTU202303029

 

36 

 

4.2.2 Nitrate reduction performance under constant potential 

Nitrate reduction performance under constant potential was evaluated to further 

investigate the selectivity of NH4
+  and N2  for the prepared electrodes. Before the 

experiments, the cyclic voltammetry (CV) curves under a scan rate of 10 mV/s were 

constructed using Cu10min/Ni electrode to investigate the overpotential in terms of 

nitrate reduction following the IUPAC as shown in Figure 17 (Elgrishi et al., 2017). 

Solutions with NO3
− (20 mgN/L NO3

−) and without NO3
−

 were used. In the absence of 

NO3
−

, the oxidative corrosion for Cu
0
 had one peak potential (O1) at −0.29V vs SCE 

which can be attributed to the formation of copper oxide as shown in the following 

reaction.  

O1: Cu0 + H2O → CuO(s) + 2H+ + 2e−  

 

In terms of the reduction, two peaks at −0.55V  (R1 ) and −0.17V  (R2 ) were found, 

suggesting that the reduction of copper oxide proceeded with two one-electron steps as 

shown below.  

R1: Cu+ + e− → Cu0  

R2: Cu2+ + 2e− → Cu0  
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In the presence of nitrate, the additional RN  current appeared, suggesting that nitrate 

reduction reaction involving the oxidation of Cu0 at −0.6V vs SCE. 

 

Figure 17. Cyclic voltammetry curve of Cu10min/Ni scanned in the range of −𝟎. 𝟖𝐕 to 

𝟎. 𝟏𝐕 in the absence and presence of 𝟐𝟎 mg N/L NO𝟑
−. 

 

According to the CV curves, the overpotential was selected in the range of −0.6V 

to −0.9V  vs SCE for nitrate reduction and the results are shown in Figure 18. The 

experimental solution had an initial [NO3
−] = 20 ppm as N  and initial pH = 2  with 

0.05M Na2SO4  as the inert electrolyte. By applying a low potential of −0.6 V, only 
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small amount of nitrate was converted to ammonia ion, NH4
+ . By increasing the 

overpotential to −0.9VREF, NO3
−

 was completely converted to NH4
+ under the acidic 

condition. No N2  was generated in these overpotentials. The pseudo-first order rate 

constants determined for −0.6VREF , −0.7VREF , −0.8VREF , and −0.9VREF  were 

0.00104, 0.00375, 0.00791, 0.0213min
−1

, respectively (Table 4). 
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Figure 18. Nitrate reduction reaction on Cu10min/Ni under the different constant 

potential (constant potential (a)−𝟎. 𝟔VREF, (b)−𝟎. 𝟕VREF, (c)−𝟎. 𝟖VREF, (d)−𝟎. 𝟗VREF, 

𝟎. 𝟎𝟓M Na2SO4, initial NO𝟑
− ~ 𝟐𝟎 mg N/L, pH = 2). 

 

. 

(a) (b) 

(c) (d) 
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Figure 19. Fitting results of the pseudo-first-order kinetic model 

 

Table 4. Fitting results of the pseudo-first-order kinetic model for different potentials. 

 
−0.6VREF −0.7VREF −0.8VREF −0.9VREF 

𝑘,  min−1 0.00104 0.00375 0.00791 0.0213 

R-square 0.942 0.988 0.99 0.97 
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4.3 Reusability of Cu electrode 

To investigate the reusability of Cu electrodes, Cu90min/Ni was chosen due to its 

superior nitrate removal efficiency compared to other electrodes. After each experiment, 

the electrode was thoroughly rinsed with DI water and dried at 60℃ in an oven for 10 

hr before the next test. Figure 20 shows the nitrate reduction performance of the electrode 

for four successive experiments. Consistent removal of NO3
−

  and formation of NH4
+ 

was found in all experiments although the electrode surface started to experience 

scratching starting from the third experiment due to the high stirring rate of 400 rpm used 

in the experiment. 
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Figure 20. The concentration of NO𝟑
−, NO𝟐

−, and NH𝟒
+ as a function of time in four 

successive nitrate reduction experiments using Cu90min/Ni electrode (constant current 

density 𝟐𝟎mA/cm2, 𝟎. 𝟎𝟓M Na2SO4, initial NO𝟑
− ~ 𝟕𝟓 mg N/L, pH=2). 
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4.4 Enhancement of Nitrogen gas evolution using electrochlorination 

Formation of N2 is preferred in the electrochemical nitrate reduction. However, it 

was found that the formation of ammonia is more favorable in this study as well as in 

others (Teng et al., 2022, Lu et al., 2021). To mitigate the generation of NH3  in the 

nitrate reduction, electrochlorination process has been proposed (Garcia-Segura et al., 

2018). 

The electrochlorination process involves the oxidation of chloride ion (Cl
−

) to form 

hypochlorous acid (HOCl
−

) on the anode and excess hypochlorous acid can oxidize NH3 

resulting from nitrate reduction to form N2 based on breakpoint chlorination as shown 

in the following reactions (Mostafa et al., 2018). 

Cl2(g) + 2e− ⇋ 2Cl
−

, E0 = 1.36V vs NHE (10)

Cl2 + H2O ⇋ HOCl + HCl    (11)

2NH3 + 3HClO → N2 + 3H2O + 3H+ + 3Cl
−

  (12)

Therefore, various Cl
−

 concentrations (including 0.05M, 0.1M, 0.2M NaCl was 

added to investigate the enhancement of N2  evolution using electrochlorination. The 

following experimental condition was employed: NO3
− = 40 ppm as N , pH = 5 , 

Na2SO4 = 0.05 M as an inert electrolyte, and a constant potential, −2VREF. The reason 

why pH 5 was selected was to ensure the formed chlorine gas would effectively dissolve 
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in the solution (Gombas et al., 2017). The obtained results are shown in Figure 21. It was 

found that the generation of NH4
+  was alleviated to some extent in the presence of 

0.05M NaCl.  By increasing the Cl
−

concentration to 0.1M , high amount of 

hypochlorous acid generated on the anode could totally convert NH4
+ to N2 in 120 min. 

When Cl
−

 concentration further increased to 0.2 M, the conversion could be completed 

in 60 min. In terms of chlorine species, including combined chlorine and free chlorine, 

these were detected only the small amounts of free chlorine and combined chlorine (< 2 

mg/L) were detected in the presence of 0.1M  and  0.2M NaCl. It should be noted that 

hypochlorous acid could receive electron from the cathode and reduced to Cl
−

 (Ordeig 

et al., 2005). 
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Figure 21. Enhancement of nitrogen gas evolution using electrochlorination in the 

presence of different NaCl concentration (a) 𝟎. 𝟎𝟓𝐌, (b) 𝟎. 𝟏𝐌 , (c) 𝟎. 𝟐𝐌 (Constant 

potential: −𝟐VREF, 𝟒𝟎 mg N/L NO𝟑
− , 𝟎. 𝟎𝟓𝐌 Na2SO4, pH=5). 
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Chapter 5 Conclusions and Recommendations 

In this research, the plating of Cu and Pd on Ni foam was performed using varying 

plating times and the electrode surfaces were subsequently characterized. The 

electrochemical nitrate reduction was studied under both constant current density and 

constant potential conditions, comparing the performance of Cu/Ni and PdCu/Ni 

electrodes. Additionally, the nitrate reduction reaction on Cu10min/Ni was investigated 

using the electrochlorination process to examine N2 evolution and chlorine species. The 

conclusions of this research are summarized below 

. 

5.1 Conclusions 

1. By increasing the plating time, the plated Cu on Ni foam demonstrated a higher 

ratio of Cu(200)/Cu(111) and an improved electron transfer ability. Pd plated on 

Cu10min/Ni exhibited an even better electron transfer ability. 

2. Electrochemical nitrate reduction using the prepared monometallic Cu and 

bimetallic PdCu electrodes on Ni foam showed high nitrate removal efficiency 

under a constant current density. 100% conversion of nitrate to NH4
+ was 

achieved by Cu90min/Ni and PdCu10min/Ni in 210 and 180 minutes, 

respectively.  
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3. The nitrate reduction reaction on Cu10min/Ni could be performed at a potential 

as low as −0.6V vs SCE. In acidic conditions, NO3
−

 was completely converted 

to NH4
+  and no other products was generated for various applied constant 

potentials. 

4. Under acidic conditions, neither different electrode properties nor controlled 

voltage could initiate nitrogen evolution. The dominant product observed was 

NH4
+ in all experiments. 

5. Addition of Cl
−

 accelerated nitrogen evolution due to breakpoint chlorination. 

Small amounts of free chlorine and combined chlorine were detected. 

 

 

5.2 Recommendations 

1. The pH value of the solution may play a crucial role in N2 generation due to the 

presence of hydrogen ions (H+). The influences of pH on the formation of N2 

in electrochemical reduction of NO3
−

 should be investigated. 

2. The bimetallic catalyst PdCu10min/Ni did not exhibit nitrate reduction activity 

under constant potential. Further study could focus on researching the selectivity 

of N2 and NH3 using different metals. 
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3. To achieve the high nitrogen gas evolution, electrochlorination is evitable while 

the residual Cl
−

  can affect the environmental and human health. In other to 

reduce this effect, chlorine gas evolution on anode should be studied by adjusting 

operation time and applying potential. 
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